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Abstract. Carbon Fiber Reinforced Polymer (CFRP) composites are often used as aircraft structural components, mostly due to
their superior mechanical properties. In order to improve the efficiency of these structures, it is important to detect and characterize
any defects occurring during the manufacturing process, removing the need to mitigate the risk of defects through increased
thicknesses of structure. Such defects include porosity, which is well-known to reduce the mechanical performance of composite
structures, particularly the inter-laminar shear strength. Previous work by the authors has considered the determination of porosity
distributions in a fiber-metal laminate structure [1]. This paper investigates the use of wave-propagation modeling to invert the
ultrasonic response and characterize the void distribution within the plies of a CFRP structure. Finite Element (FE) simulations are
used to simulate the ultrasonic response of a porous composite laminate to a typical transducer signal. This simulated response is
then applied as input data to an inversion method to calculate the distribution of porosity across the layers. The inversion method
is a multi-dimensional optimization utilizing an analytical model based on a normal-incidence plane-wave recursive method and
appropriate mixture rules to estimate the acoustical properties of the structure, including the effects of plies and porosity. The effect
of porosity is defined through an effective wave-number obtained from a scattering model description. Although a single-scattering
approach is applied in this initial study, the limitations of the method in terms of the considered porous layer, percentage porosity
and void radius are discussed in relation to single- and multiple-scattering methods. Both frequency- and time-domain results are
analyzed in this work. A comparison between the properties of the modeled structure and the void distribution obtained from
the inversion is discussed. This work supports the general study of the use of ultrasound methods with inversion to characterize
material properties and any defects occurring in composites structures in three dimensions. This research is part of a Fellowship in
Manufacturing funded by the UK Engineering and Physical Sciences Research Council (EPSRC) aimed at underpinning the design
of more efficient composite structures and reducing the environmental impact of travel.
INTRODUCTION
Fiber-reinforced polymer (FRP) composite laminates are increasingly being used to replace metallic components
where their performance is a benefit. These composites comprise long fibers, with a high longitudinal stiffness and
strength, embedded in a polymer resin matrix to ensure they stay aligned to the design direction. During the manu-
facturing of composite structures, defects can be introduced into the materials. Voids in the matrix represent one of
the most serious of all the defects that can occur within an FRP material [2]. Depending on their shape and size, void
inclusions can be classified as distributed porosity (a large number of micro-voids), discrete voids (individual large
voids), layer porosity or delamination (large planar voids occurring at the interface between plies) [3]. It is essential for
the NDT methods to measure porosity in the composite material with a good precision and the conventional method
comprises an ultrasonic attenuation measurement using a through-transmission or back-wall-echo ultrasound C-scan.
The obtained attenuation is a reasonable measure of the scattering due to micro-porosity and is related to the void
volume fraction in the full thickness of the component. This method provides little information about the distribution
of the porosity in depth, the size of the voids or the discrimination between layer and distributed porosity. It is prefer-
able to characterize both the type of porosity and its depth distribution in order to increase the measurement accuracy
and allow better informed concession decisions. Figure 1 presents an example of a 3D profile of a porosity-related
FIGURE 1. Example of a 3D profile of a porosity-related ultrasonic parameter demonstrating depth-dependence of scattering [4].
Image courtesy of QinetiQ Ltd.
ultrasonic parameter [4] illustrating some layer porosity and some distributed porosity.
The detection of porosity as well as its level is important for the NDT techniques. A wrong estimation of this
defect can lead to a rejection of possible usable specimens. The nominal ’allowable’ porosity threshold is between 2%
and 2.5% for many composite materials in aerospace [3]. Designs must assume that this level of porosity is present
and still be able to carry Design Ultimate Load, which is 1.5 times the highest load the structure will see in its entire
life [5]. However, the uncertainty in a through-thickness average attenuation measurement of porosity is comparable
with this allowable amount of porosity, meaning that actual porosity levels must be much lower than 2% in order
to confidently pass this ultrasonic inspection test. It follows that a more accurate porosity-measurement tool, with
reduced uncertainties, would allow a greater design envelope and reduce the addition of risk-mitigating weight. The
following paragraph is devoted to a brief review of some state-of-art methods and studies related to this topic.
Many studies have been devoted to the estimation of porosity and they all can be classified under two main
techniques: destructive and non-destructive techniques. Due to its limitations (cost and single study at a time), the
former is less popular. Among these destructive techniques, there is the acid digestion method [6] which is based
on gravimetry for determining the porosity content of composite materials. Non-destructive techniques are preferred
as they are generally rapid, generally of low cost and allow the study of different effects such small discontinuities,
internal flaws and delamination. Among these there are X-radiography [7, 8], eddy currents, shearography [7], ther-
mography [8], acoustic emission and ultrasonic testing [7, 8]. According to Amaro et al. [7], ultrasonic methods are
the best solutions for detecting the damage of composite materials. Kim et al. [9] attempted to estimate the porosity
content of composite materials by applying a discrete wavelet transform to the ultrasonic pulse-echo signal. Their ap-
proach using wavelet transform relies on the decomposition of the original signal into a sum of elementary ’wavelet’
contributions. This principle enables the reduction of complicated functions into several simpler ones that can be stud-
ied separately. However, in their work, the correlation between the estimated and the correct porosity is logarithmic.
Their observations lead to the conclusion that the back-scattering amplitude increases with an increase of porosity.
This latter result is a contradiction to the results obtained by Grolemund and Tsai [10]. Later, Feng et al. [11] sug-
gested a micro-focus computed tomography (Micro-CT) method to examine the carbon-fiber bundles/matrix/porosity
structures. Unfortunately, this method was shown to be ineffective for describing the inner behavior of the composite
and a proper evaluation of the density, for example, is difficult to perform. Considering the inspection with computed
tomography, Reh et al. [8] tested the use of a visualization pipeline (relying on the principle of interactive exploration
and visual analysis) to examine the porosity content in CFRP specimens. Although a proper view-point of the defects
was difficult to achieve, results from their work revealed the complexity of the pore shape and they definitely agreed
that pore distribution, size and shape factor would have a strong influence on the ultrasonic attenuation. However, it is
worth pointing out that the assumption of spherical voids used in later methods was shown to be valid for gas porosity
[12]. Using a decomposition method, the work by Smith et al. [13] proposes an interesting method for decomposing
the measured frequency spectrum into a series of basis functions representing porosity, thick resin layers and good
structure, resulting in a coefficient for each basis function. This coefficient can then fully characterize the ultrasound
response of the composite and can be used to estimate the porosity or a change of resin layer thickness or fiber-resin
change [14]. Their method is shown to be effective provided porous plies are always separated by porosity-free plies.
Multiple plies of porosity could not be measured correctly. In studying the porosity formation during the laser join-
ing of CFRP and steel, Tan et al. [15] showed that the porosity has irregular shapes and the pore size ranges from
tens to hundreds of microns. Very recently, Engelbart et al. [16] proposed a porosity inspection system for compos-
ite structures where no back-wall echo is obtainable. This system exhibits an interesting capability as it can indicate
whether an additional evaluation of a certain location of the sample is needed. The method is based on a comparison
of the response signal amplitude with a baseline amplitude value for a known porosity at a thickness of the location
on the composite structure. Such a method is only limited to small inclined and relatively simple surfaces. Beside the
frequency domain analysis, some interesting work has been carried out in the time domain. The work by Dominguez
et al. [17, 18] deals with the inverse problem of determining the shape and position of obstacles embedded in an
elastic medium using a topological-gradient method. In this method, the inverse problem is solved numerically using
a time-reversal operator. The numerical results of the topological energy applied to various shapes of defects such as
voids and cracks embedded in an aluminum slab showed relatively good results for their detection and localization.
One of the advantages of the method is its robustness as noise does not seem to affect the result. However, this method
requires a lengthy computation time as every position of the array needs to be computed and the whole surface of the
slab has to be inspected
This paper investigates the acoustic characterization of void distributions across carbon-fiber composite layers.
An attempt to address all the important features of CFRPs is made. It is assumed that layers are isotropic because
the analytical model assumes normal incidence waves impinging on the specimen. The presented work is structured
as follows: The next section deals with the modeling considerations where the inversion method is described as the
Multi-Dimensional Optimization. Both analytical and Finite Element (FE) models are presented. This latter modeling
(FE model) is only used to simulate the input data for the inversion of the properties. The following section deals with
the results and discussion where the results for various scenarios of the void inclusions are depicted. The important
remarks for this work are summarized in the conclusion.
THE MULTI-DIMENSIONAL OPTIMIZATION
Multi-Dimensional Optimization (MDO) finds many applications in a wide variety of problems for the detection
of a local or global optimum, such as in financial modeling and statistical mechanics. In NDT methods, the searched
multiple parameters represent all the system or sample properties that influence the response and are not known. A
wide range of simple and more complex MDO algorithms [19] are available in the literature and the best choice
depends on the number of parameters, the assumptions and constraints of the problem and the optimization criteria. In
the presented work, the inversion method is built around a simulated-annealing algorithm for which the main criterion
is a minimization of the error g(ω) the ’objective function’, given as
g(ω) =
∑
i
(y (θ, ωi) − q (ωi))2, (1)
where ωi is the ith angular frequency, θ is the parameter to invert, y is the analytical result and q represents the
data. The solution of the optimization problem is achieved using a forward analytical model as illustrated in Fig. 2.
The simulated-annealing method is a well-known algorithm developed by Kirkpatrick et al. [20] and is based on the
analogy with the cooling process of a metal. One of its advantages is its ability to locate the global optimum avoiding
the presence of other locally optimal solutions. This can be done without complicated calculations involving the first
derivative of the objective function. This is of great interest for engineering problems because fast and relatively
simple methods are preferred.
The inversion method described in this work focuses on calculating the layer thicknesses, void volume fraction
and pore radii for a given number of stacked CFRP plies. The inversion algorithm starts by generating a random
initial set of the objective parameters (initial solution). Next, a new random set of these parameters (new solution) is
chosen from the neighborhood of the former solution. If the change in the objective function g(ωi) is negative, the new
solution is accepted to be the new current solution. Otherwise a transition step of accepting the change is computed
using the Boltzmann factor P(T ) given as
P(T ) = e−∆g/BT , (2)
FIGURE 2. Principle of the direct and inverse modeling.
where T is the current solution, B is the Boltzmann constant and ∆g is the difference or error (from the two estimates
of the objective function). Although there is not a clear rule on how to choose the decrement for the next solution,
the work by Nolle et al. [21] suggests a factor (cooling rate) of 0.99 and an appropriate initial solution to achieve an
initial transition probability of 0.5. There are two possible criteria for finalizing the algorithm: by performing a given
number of iterations regardless of the obtained solutions or when a specified minimum error value is surpassed. This
latter criterion is the one chosen for the presented work.
MODELING CONSIDERATIONS
The multi-dimensional optimization uses an analytical forward model to predict the response of CRFPs when
submitted to an ultrasound excitation. The inversion method has been tested using FE simulation to predict ultrasonic
responses from various porosity distributions. In order to be consistent and applicable to porous CFRPs, the modeling
should consider a number of important features: the inclusion of porosity, fiber-matrix mixture, porosity-composite
mixture and the visco-elastic damping inside the layers (particularly the resin).
The Analytical Model
Various analytical methods were developed to characterize multi-layered media and the ultrasound characteriza-
tion of homogeneous multi-layered systems is now relatively well understood. These methods included the transfer-
matrix method as described by Hosten and Castaings [22] and the recursive compliance/stiffness matrix by Rokhlin
and Wang [23]. The direct problem in this work considers a relatively simple recursive method to predict the re-
sponse of CRFPs when submitted to an ultrasound excitation. In order to be consistent and applicable to porous
CFRPs, the modeling should consider a number of important features: the inclusion of porosity, fiber-matrix mixture,
porosity-composite mixture and the visco-elastic damping inside the layers (particularly the resin). For a plane wave
propagating at normal incidence (Fig. 3) through a multi-layered material, the following expressions result from the
continuity of pressure and particle velocity respectively, at any interface:
A je−ikl jd j + B jeikl jd j = A j+1 + B j+1 (3)
A je−ikl jd j − B jeikl jd j = Z jZ j+1 (A j+1 − B j+1) (4)
where d j, kl j, A j, B j and Z j are respectively the thickness, the longitudinal wave number, incident and reflected
pressure amplitude and characteristic impedance for the jth layer. Z j+1, A j+1 and B j+1 are the characteristic impedance,
incident and reflected pressure amplitude for the ( j + 1)th layer.
Assuming the acoustic characteristic impedance of each medium is known, the input impedance Zin of n assem-
bled layers is given by
FIGURE 3. Schematic of the multi-layered material depicting the pressure amplitudes (A1 is incident wave amplitude, B1 is the
reflected wave amplitude and An+1 is the transmitted wave amplitude), layers thicknesses dn and propagation axis. The subscript n
represents the nth layer. The embedding medium is denoted by subscripts 1 and n + 1. Only normal incidence propagation along
the x-axis is considered in this work.
Z(n)in =
Z(n−1)in − iZn tan(kl jd j)
Zn − iZ(n−1)in tan(kl jd j)
Zn, (5)
where Zn is the characteristic impedance of the nth media, Z
(n−1)
in is the input impedance considering just the first n− 1
layers. This input impedance is calculated recursively ie. incrementing n by one each time. It is worth noticing that
the input impedance of a single layer is the acoustic impedance of that layer. Assuming the acoustic impedance of the
incident medium is Z1, the acoustic pressure reflection coefficient R of the multi-layered material is obtained as
R =
Z(n)in − Z1
Z(n)in + Z1
. (6)
One of the common methods of studying the effect of void inclusions is the use of an effective-medium approach.
This method relies on replacing an inhomogeneous medium by an equivalent (also called ”effective”) homogeneous
medium having the same acoustic behavior. The void inclusions, also called the scatterers, are known to scatter the in-
cident wave and may disrupt the wave propagation depending on their shape and size. If λ is the excitation wavelength
and r the scatterer radius, the models dealing with the scattering effect can be classified in three domains: Rayleigh
(when λ >> r), stochastic (when λ ≈ r) and geometric (when λ << r). The present work is focused on the Rayleigh
domain. The inclusion of porosity in the analytical model is achieved using an effective-medium model based on a
single-scattering approach [24, 25]. In this latter approach, multiple scattering effects are neglected and the real wave
number is replaced by an effective wave number ke f f given as
k2e f f = k
2 +
3φ
r2
f (0), (7)
where k is the real wave number, r is the spherical pores radius, φ is the void volume fraction and f (0) is the backscat-
tered amplitude for a single cavity. The basic theory of scattering from spherical voids can be attributed to Truell and
his co-workers [26, 27] whose models are frequently used and extended to various voids configurations. The assump-
tion of sphericity for the voids is shown to be valid in the case of gas porosity [12]. This effective wave number is
calculated for both longitudinal and shear waves. The modeling of porous composites, particularly CFRPs, requires
additional features such as accounting for the mixture of porosity with composite and fiber with matrix. In fact, the
voids can either push the fibers aside or parts of the fibers can pass through the voids space. The works by Hashin
[28, 29, 30] on the mixture rules for porous composite materials provide analytical solutions accounting for both the
mixtures, porosity-composite and fiber-matrix. The porosity-composite mixture is accounted for following Hashin
[28] for spherical isotropic inclusions and the fiber-matrix mixture is accounted for following Hashin [29, 30] for
isotropic fibers in isotropic media. To account for visco-elastic damping within a layer, a complex wave number is
used for which the imaginary part sets the attenuation.
The Finite Element Data Simulation
In order to develop, test and validate the inversion method, it was necessary to be able to simulate the ultrasonic
response for a wide range of different parameters in the multi-layer structure. A finite-element analysis simulator was
developed to achieve this. The FE results were only used to simulate the input data. For this work, the commercial
FEM package Comsol Multiphysics environment was used. A 3D FE model was built for which numbers of randomly
positioned voids (gaps in the model) were included, ensuring no repeating and overlapping pores. Periodic boundary
conditions were set on the sides of the model. The top and bottom faces were set to absorb the incoming waves (using
’perfectly matched’ layers). Continuity of pressure and velocity was ensured at the interfaces between the layers and
free tetrahedral meshing with element size less than 1 µm was used. The maximum number of elements size was set
to 30 per wavelength. This latter setting allowed a relatively good accuracy for the results for about 1h 45 min runtime
for 64 µm x 64 µm model section and 5 layers. This reduced size implied also a reduced size of the voids. In reality,
the size of voids ranges from tens to hundreds of microns [15]. This study is focused on the determination of void
volume fraction. The distribution of void sizes and their shape will be considered in terms of their influence on the
accuracy of the void volume fraction measurement. For the FE model, mixture rules are considered in the porous layer
following a simple volumetric approach given as
Ψ = φgΨg + (1 − φg)Ψh, (8)
where Ψ represents the mechanical property and the subscripts g and h are respectively used for the inclusion (fibers
or voids) and the host medium. The properties used for the modeling are summarized in Table 1.
TABLE 1. Default materials properties used for the modeling.
Longitudinal velocity Shear velocity Density Attenuation Thickness
(m/s) (m/s) (kg/m3) (dB/mm/MHz) (µm)
Composite 2959 1870 1522 0 125
Epoxy resin 2903 1319 1270 0.15 10
Recent work [1] on this topic has attempted to show the capacity of such methods when applied to GLARE
(Glass Laminated Aluminum Reinforced Epoxy). This material contains numerous highly reflective interfaces and
a velocity in glass-fiber composite that is highly dependent on fiber volume fraction. The result is high-amplitude
multiple reflections, narrow-bandwidth resonances and very complex pulse-echo ultrasonic responses, which vary
significantly with lateral position of the probe on the surface. In [1], the analytical model is used to simulate the
input data to the MDO inversion and does not consider any visco-elastic damping in the layers. The case of CFRP is
significantly different to GLARE in exhibiting low reflection coefficients at inter-ply interfaces and the velocity only
slightly depends on fiber volume fraction (FVF) [31]. This latter point means that no correction is required to the
inverted thickness to compensate for FVF-related velocity changes. Figure 4 presents the comparison results for the
reflection coefficients between the analytical and the FE simulations for a single ply between two thin resin layers (a)
and a double-ply with three resin layers (b). The samples are assumed embedded into the composite medium. These
spectra are the product of two frequency responses, for a single resin layer embedded in composite (a quarter-wave
resonance) and the composite layer itself (a half-wave resonance). An excellent agreement throughout the frequency
range is observed. For both the single ply (Fig. 4a) and the double-ply (Fig. 4b), the simulated resonant frequencies
from both models are perfectly matching throughout the frequency range of study.
RESULTS AND DISCUSSION
The following subsections present the inversion of the layer thicknesses, porosities and pore radii. A composite
medium is chosen as the embedding medium for the samples, rather than water, as in a recent related work [1], because
the large mismatch of impedances between water and resin could affect the sensitivity to porosity. The effect of having
water surrounding the sample can be investigated later. Once the FE data is collected, an artificial random noise is
added to the frequency response and the resulting signal is modified by the simulated response of a 10 MHz transducer
(assumed to have a Gaussian frequency response centered at 10 MHz). This identical transducer response was also
used in the inversion process (called the Input Signal in Fig. 2). After this modification, the resulting signal is referred
to as the filtered reflection coefficient.
FIGURE 4. Comparison results between the analytical and the FE simulations. Reflection coefficients for a) single CFRP ply and
b) double CFRP ply. The samples are assumed embedded into the composite medium.
Inversion of Layer Thicknesses
Figure 5 depicts the thickness inversion results for a single CFRP ply. No porosity is considered here. In Fig.4a,
the results are compared for the filtered reflection coefficient for a single ply obtained from the FE simulated data, the
analytical simulation with the correct values, and the analytical simulation with the inverted values (those determined
using the MDO inversion algorithm). The correct and inverted values for thickness of the two resin layers (1 and 3)
and the ply (layer 2) are shown in Fig. 5b.
FIGURE 5. Inversion of layers thicknesses for a single CFRP ply. No porosity. a) Filtered reflection coefficient for the FE data
(black curve), the Recursive Method (RM) using the correct properties (blue curve) and the RM using the inverted properties (red
curve); b) Layers thicknesses correct (blue) and inverted (red) values.
Figure 6 displays the thickness inversion results for a double CFRP ply. No porosity is considered here. As for
the single-ply case, a very good agreement is observed for these results. The method successfully inverts the layer
thicknesses. This is a promising result as one of the challenges is in distinguishing between porosity and a change of
resin layer thickness
Inversion of Layer Porosity
Figure 7 shows the simultaneous inversion of layer thicknesses, porosity and pore radii for a double CFRP ply
with 5% porosity (pore radius of 2 µm) in the 2nd resin layer only. In Fig. 7a, the filtered reflection coefficients obtained
from the analytical model with the correct properties and the inverted properties both match the FE data throughout
the frequency range of study. The ratio of the inverted-to-correct values of thickness, void volume fraction and pore
FIGURE 6. Inversion of layers thicknesses for a double-CFRP ply. No porosity. a) filtered reflection coefficient for the FE data
(black curve), the Recursive method using the correct properties (blue curve) and the Recursive Method using the inverted properties
(red curve); b) Layers thicknesses correct (blue) and inverted (red) values.
FIGURE 7. Simultaneous inversion of layers thicknesses, porosity and pores radius for a double CFRP ply. 5% Porosity located
in the 2nd resin layer only. Pore radius of 2 µm.
size are shown in Fig. 7b exhibiting a very good agreement. The method was able to correctly detect the absence of
porosity in the non-porous layers so this is shown as a ratio of 100%.
Figure 8 displays the simultaneous inversion of layer thicknesses, porosity and pore radii for a double CFRP
ply. The pores are included in the first (5% porosity) and third (15% porosity) resin layers (same pore radius of 2
µm). Good agreement is observed for these results up to 13 MHz, beyond which the resonance peaks still match but
the troughs exhibit different behavior in the two models. Although small errors of less than 5% were observed for
the inverted void volume fraction in the resin layers, a 5% error gives void volume fraction measurements of 5.00%
±0.25% in the first resin layer and 15.00% ±0.75% in the third resin layer. In addition, the method achieved a good
prediction where porosity was absent. These results strongly suggest the potential for differentiating between a change
of resin-layer thickness and resin-layer porosity for relatively simple scenarios. However, a careful attention should be
given to this kind of configuration as the porosity within a specific ply can shadow the effect of deeper porous plies.
Figure 9 shows the inversion for a double CFRP ply with the voids (10% porosity) included in the third resin layer
only. The results for the filtered reflection coefficients are compared in Fig. 9a. Except for the troughs in the spectrum
around frequencies of 14.5 MHz and 18 MHz, the analytical models with the correct and the inverted properties match
the FE data well. The inversion method is able to predict no porosity in the absence of voids for both the resin and the
composite layers. A good estimation for the layer thicknesses is obtained in this configuration. A small over estimation
of less than 5% for the void volume fraction and 20% for the pore radii can be observed.
FIGURE 8. Simultaneous inversion of layers thicknesses, porosities and pores radius for a double CFRP ply. 5% and 15% porosity
located in the 1st and 3rd resin layers. Pore radius of 2 µm.
FIGURE 9. Simultaneous inversion of layers thicknesses, porosities and pores radius for a double CFRP ply. 10% porosity located
in the 3rd resin layers only. Pore radius of 2 µm.
CONCLUSION
For aerospace composite materials, the through-thickness average porosity level is generally estimated using ul-
trasound attenuation measurement in order to decide whether this defect is important or not. However, the distribution
of porosity is crucially important in influencing this measurement. In certain cases, the presence of porosity in a sin-
gle ply can cause more mechanical performance problems than distribution across the plies of the laminate. In this
paper, an ultrasonic characterization of void distributions across carbon-fiber composite layers is described. The inver-
sion method used multi-dimensional optimization (MDO) with an analytical forward model to calculate the sample
properties. Input data was generated for testing the inversion using a Finite Element (FE) simulation. The analytical
forward model predicts the response of a CRFP laminate when subjected to an ultrasonic excitation. The analytical
modeling accounted for the inclusion of porosity following the single-scattering effective-medium approach of Pin-
field and Challis [24, 25], the Hashin fiber-matrix mixture rule [29], Hashin [28] porosity-composite mixture rule and
included visco-elastic damping in the resin. A simultaneous inversion of the thickness, porosity and pore radius in
each layer showed good agreement between the inverted and correct (simulated) values for these properties. Although
discrepancies of less than 5% were observed for the porosity results in the resin layers, a good agreement was still
observed between the frequency-dependent filtered reflection coefficients obtained from the FE data, the analytical
model with the correct properties and the analytical model with the inverted properties. Porosity was included only
in the resin layers in this study, to simulate layer porosity. The inversion method could detect the lack of porosity
in a layer and differentiate between thickness effects and porosity. The comparison of the forward analytical model
with the FE data proved that a simple homogenized model accounting for the mixture rule and layer attenuation is
capable of describing the normal-incidence frequency response resulting from the scattering of waves by the voids.
The next step for this work would be to investigate the case of porosity inside the fibrous composite ply accounting for
an appropriate fiber-void-matrix mixture rule. This work suggests the potential for mapping the void volume fraction
across carbon-fiber composites layers. Real data must also be considered in the next step to validate these analytical
and FE models and the inversion method.
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